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Epitaxial growth of iron iodide films on Fe(l10) 
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(Received 9 October 1985; accepted 1 1 November 1985) 
The interaction of iodine vapor on an Fe( 1 10) single crystal surface at room temperature has been 
investigated primarily through the use of LEED and UPS. Both a series of chemisorbed 
overlayers and an epitaxial iodide layer are observed. Iodide formation proceeds through an 
island growth mechanism with the iodide basal plane parallel to the Fe( 110) surface. Evidence is 
presented that the defects introduced on the surface during argon ion sputtering may be 
important as nucleation sites for iodide growth. The results are compared with the results of 
previous studies. 
I. INTRODUCTION 
Halogen interaction with transition metal surfaces is a sub- 
ject of current research interest partly because of the impor- 
tance of halogen species as catalyst  moderator^',^ and partly 
because the halogens are well suited to the study of trends in 
chemisorption and epitaxial g r ~ w t h . ~  Halide growth some- 
times occurs readily at room temperature under UHV condi- 
tions as in the case of C1 on Hf.4 In other cases (e.g., C1 on 
Ru) only the formation of a chemisorbed overlayer is re- 
ported. That different surfaces of different metals show dif- 
fering reactivities toward the halogens is a result that might 
very well be expected. Sometimes, however, as in the case of 
Cl/Ag ( 1 1 1 ) '7"' or Cl/Fe( 100) s-9 different workers have 
come to different conclusions about the behavior of a specific 
surface/adsorbate system. Both the exposure level9 and the 
are important factors in determining 
whether or not halide formation is observed. We found that 
the sample preparation procedure is also of importance. 
Room temperature exposure of a Fe( 110) single crystal 
surface to iodine vapor under UHV conditions can result in 
the formation of various chemisorbed overlayers, an epitax- 
ial iodide layer or a surface covered by detectable regions of 
both the iodide and a chemisorbed overlayer. When a freshly 
sputtered sample was annealed for 2 min at 825 to 875 K and 
subsequently, after cooling, exposed to 300 L iodine vapor 
(uncorrected gauge pressure), extensive iodide formation 
was observed. If the sample was annealed at 975 K instead, 
no iodide formation was found. When the sample was given 
the same sputtering and 975 K anneal treatment followed by 
a very brief sputter treatment, extensive iodide formation 
was observed after only 4 L exposure. 
II. EXPERIMENTAL 
Data were collected in two different UHV chambers. One 
was a modified Vacuum Generators ADES400 system used 
primarily for ARUPS at the Tantalus Storage Ring of the 
University of Wisconsin at Madison. It was equipped with a 
150" hemispherical analyzer with 4" angular resolution, a 
single pass CMA, a four grid LEED optics system, a mass 
spectrometer, and an ion gun. Pumping was by means of a 
150 l/s turbomolecular pump, a 400 l/s ion pump and a 
titanium sublimation pump." More detailed LEED obser- 
vations and photography were carried out in a second 
chamber equipped with a four grid LEED system which 
doubled as a retarding field analyzer, a mass spectrometer, 
and an ion gun. This chamber was pumped by a 400 l/s 
liquid nitrogen trapped oil diffusion pump, a 100 l/s ion 
pump, and a titanium sublimation pump.'' 
Iodine adsorption was accomplished by admitting iodine 
vapor to the chamber through a standard leak valve at pres- 
sures up to 1 X Torr. The vapor was in equilibrium with 
resublimed solid iodine held at room temperature in an oth- 
erwise evacuated bottle. Initial exposure of either vacuum 
chamber to iodine resulted in the desorption of carbon mon- 
oxide from the chamber walls. To prevent contamination of 
the surface during the experiments, the chambers were first 
dosed with iodine vapor in 300 or 600 L exposures until 
admitting iodine resulted in no significant rise in the carbon 
monoxide partial pressure. The base pressure of either 
chamber after the iodine dosing procedure was 2X lo-'' 
Torr. 
One sample was used for the photoemission work, while 
the LEED patterns were observed from a second Fe( 110) 
surface as well. The initial sample preparation and cleaning 
procedure was lengthy and is described elsewhere. l3  Before 
collecting a set of photoemission data or making LEED ob- 
servations, the resistively heated sample was held at 750 K 
while it was sputtered for 30 min with 700 eV argon ions at 5 
pA beam current. Annealing the sample for 2 min at 825 to 
875 K after sputtering produced a surface that gave a sharp 
bcc ( 110) LEED pattern. Contamination levels as estimated 
from Auger were 2% or less. No electron beam induced ef- 
fects were observed even for prolonged exposure to the elec- 
tron beam (4 h )  either through changes in the LEED pat- 
terns or in the Auger peak height ratio. This was the case for 
both the iodide and the chemisorbed structures. 
Ill. RESULTS 
When the sample surface is prepared as described above 
and subsequently exposed to iodine vapor, LEED patterns A 
through E (see Fig. 1 ) may be observed sequentially with 
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FIG. 1. Sequence of LEED patterns observed as a clean, room temperature, 
Fe( l l0)  surface is exposed to increasing amounts of iodine vapor. The 
arrows in C are to indicate that the overlayer spots shown in B split continu- 
ously with increasing coverage until pattern C is observed. A: clean 
Fe(1 lo); B and C: chemisorbed overlayer patterns; D: chemisorbed over- 
layer and iodide; E: iodide. 
increasing iodine exposure. The pattern shown in B is sharp 
after 0.6 L exposure (uncorrected gauge pressure). Upon 
further exposure to iodine vapor, the overlayer spots elon- 
gate and split along the (100) azimuth. The split spots sepa- 
rate continuously with increasing coverage as is shown in 
Part C. Splitting is complete after about 5 L exposure. The 
Auger electron peak ratio I ( 5 1 1 ) /Fe (65 1 ) for the chemi- 
sorbed overlayer increases from 0.27 to 0.45 as the spot split- 
ting increases from zero to its maximum value. Additional 
iodine adsorption weakens the LEED reflections and in- 
creases the background intensity. After about 20 L exposure 
faint new features first appear as represented by the open 
circles in D. With subsequent exposure these weak new fea- 
tures gradually intensify at the expense of the substrate and 
original overlayer spots until after 300 to 1000 L exposure 
only a hexagonally symmetric pattern remains (E). 
Note that the pattern formed by the "ring" of overlayer 
spots around the (0,O) beam in B is not identical to the pat- 
tern in E. Pattern E is truly hexagonal while in B the two 
edges that are parallel to the ( 100) azimuth are shorter than 
the other edges. If a surface that produces LEED pattern E is 
annealed at temperatures above 560 K, pattern C is restored. 
Annealing the sample to higher temperatures reduces the 
overlayer spot splitting until pattern B is recovered after a 
710 K anneal. Restoration of the iron substrate spots is ac- 
companied by an abrupt decline in the Auger peak height 
ratio I(51 l)/Fe(651) from a value of 2.0 to 0.45. 
Dramatic changes in the photoemission spectra accompa- 
ny changes in the LEED patterns. Curve c in Fig. 2 shows a 
photoelectron energy distribution curve from a surface that 
gives LEED pattern B. Under the conditions for which the 
spectrum was obtained, only a single peak with a binding 
energy of 5.6 eV with respect to the Fermi level appears. 
Curve b is from a surface characterized by LEED pattern E. 
There appear to be six peaks in addition to a strongly atten- 
uated iron d-band, with binding energies of 1.4,2.2,3.5,4.2, 
5.8, and 6.7 eV with respect to the Fermi level. These peaks 
Binding Energy (eV) 
FIG. 2. ARUPS electron energy distribution curves from molecularly ad- 
sorbed iodine: (a) an epitaxial iodide layer; (b) a dissociatively chemi- 
sorbed iodine overlayer; and (c) nearly clean Fe( 1 10) with a small quantity 
of chemisorbed iodine adsorbed from the background during data acquisi- 
tion (d).  The vertical scale has been purposefully omitted as it is not identi- 
cal for each curve. The curves have been offset for clarity. The incident 
radiation was 20 eV energy. The incidence angle was 45". Electrons were 
collected in even geometry with an emission angle 30" along the ( 170) azi- 
muth for spectra (a)  and (b) and along the (100) azimuth for spectra (c)  
and (d) .  
do not disperse greatly with kI1 . I 4  Curve a in Fig. 2 shows 
photoemission from a surface covered with molecular iodine 
at 100 K. Molecular iodine will adsorb on Fe ( l l0 )  under 
UHV conditions at temperatures below 150 K after forming 
a chemisorbed layer as is described elsewhere." 
The exposure level required before the extra features 
(open circles in Fig. 1 D )  appear in the LEED pattern is 
sensitive to the sample preparation procedure. When the 
sample was annealed to 975 instead of 875 K while the rest of 
the preparation procedure remained the same, the open cir- 
cles in Fig. 1 D did not appear even for exposure levels of 
1000 L. A sample given the same 975 K anneal treatment 
followed by 120 s of sputtering at 0.05 p A  beam current and 
700 eV still showed a good substrate LEED pattern. After 
exposure to as little as 4 L iodine vapor, the LEED pattern 
from this surface appeared as in Fig. 1 E. Annealing the sam- 
ple to 975 instead of 875 K did not introduce additional 
surface contamination. 
IV. DISCUSSION 
Continuous splitting of overlayer induced LEED reflec- 
tions (Fig. 1 B, 1 C)  has been observed in many halogens on 
transition metal systems. Examples include Br/Cr( 1 10),16 
Br/W(100),17 Cl,Br,I/Fe(lOO),* I/Ni(100),'8 and 
Cl/Ru( 100) .5 For some of these systems low pressure ha- 
lide formation is also observed at higher exposure  level^.'^^'^ 
The variable low coverage LEED patterns have most often 
been explained in terms of double diffraction between the 
substrate and an incommensurate variable coverage over- 
layer net. In most cases an alternate explanation based on 
antiphase domain boundaries must be rejected because it re- 
quires unrealistically small adatom-adatom spacings. We 
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also interpret the LEED patterns observed for chlorine, bro- 
mine, and iodine adsorbed on Fe( 110) at low coverages in 
terms of incommensurate dissociatively chemisorbed over- 
layers as is described in detail elsewhere.,' The photoemis- 
sion evidence (Fig. 2, curve c )  is consistent with an interpre- 
tation in terms of a dissociatively chemisorbed overlayer. 
Atomic chemisorption systems involving nonmetallic adsor- 
bates generally show a few photoemission peaks derived 
from the adsorbate p levels and the metal orbitals 2 to 8 eV 
below the Fermi level. Under the conditions for which curve 
c in Fig. 2 was obtained, emission is observed predominantly 
from the iodine 4p, derived level 5.6 eV below the Fermi 
level. 
At higher exposure levels (300 L), however, the evidence 
points toward iodide formation. When measurements are 
carried out on photographs of LEED pattern E, the spot 
separations are found to correspond to 1.77 + 0.05 A-'. 
Transforming the reciprocal space lattice vectors yields a 
real space separation of 4.16 + 0.14 between units of the 
diffracting structure parallel to the surface. FeI, crystallizes 
in the Cd(OH), structure. This is a hexagonal structure 
with one molecule per unit cell and can be regarded as a close 
packing arrangement of the anions with the cations in sheets 
between alternate layers of anions. For FeI, the separation 
between unit cells parallel to the iodide basal plane is 4.04 A 
(that is, a = 4.04 A),,' in good agreement with the 
4.16 f 0.14 A derived from the LEED pattern. The pattern 
of Fig. 1 E is therefore explained if we assume that FeI, 
grows epitaxially on the Fe( 110) surface with its basal plane 
parallel to the surface. 
Although FeF, , FeC1, , and FeBr, all exist, FeI, is not 
commonly observed. In any event FeI, formation on an Fe 
sample under UHV conditions is very unlikely because of the 
presence of unreacted iron. Formation of the dihalide as op- 
posed to the trihalide has been observed for the low pressure 
interaction of chlorine and bromine with V(100) and 
Cr( 100) . 3  The authors of that report note that "the reaction 
M(s) + 2MX3 (s)-+3MX2 (s) is highly exothermic and so a 
combination of low incident flux and intimate contact with 
the underlying metal substrate favors the dihalide." The 
same argument applies in the case of iron. 
If we adopt the view that the LEED pattern of Fig. 1 E is 
due to diffraction from an epitaxial layer of FeI, restoration 
of the pattern in Fig. 1 C after a 560 K anneal can be ex- 
plained by assuming that the iodide evaporates leaving a che- 
misorbed overlayer on the iron surface after such an anneal 
treatment. In a recent study2' on the electronic structure of 
gaseous FeI, the workers evaporated FeI, at temperatures 
of 560 to 720 K. This range is consistent with vaporization of 
a thin FeI, film at 560 K. 
The photoemission data are also consistent with FeI, for- 
mation at high exposure levels. Curve b in Fig. 2 is qualita- 
tively similar to vapor phase He I photoelectron spectra of 
FeCl, and FeBr,,,, The width of the energy range over 
which our peaks occur ( =: 6 eV) is broader than the width of 
the gas phase data for the related compounds ( =: 4 eV). A 
wider distribution of energy levels in a solid as opposed to a 
gas of the same material is generally observed because of 
overlap between the orbitals in different molecules. Ishii et 
~ 1 . ~ ~  have investigated the extreme ultraviolet photoelectron 
spectra of FeCl, . They observe a valence bandwidth of ap- 
proximately 8 eV and a weak feature at higher binding ener- 
gy that they attribute to a multielectron satellite feature. 
McConville and Woodruff have studied the valence band 
photoemission from a surface layer of NiI, grown under 
UHV conditions. l9 They observe iodide bands from 2 to 6 
eV below the Fermi level which is similar to the range report- 
ed here for FeI,. Grade et ~ 1 . ~ ~  have examined the He I pho- 
toemission spectra of solid FeI,. They deconvolute their 
spectrum into six peaks with the binding energies are quite 
different from ours. Both our study and the study of Grade et 
aLZ5 examined emission from the iodide basal plane. Only a 
single iodide spectrum is shown in Fig. 2; however, we have 
collected numerous spectra under a wide variety of incidence 
and emission angle conditions. Although the relative intensi- 
ties of the peaks change and there may be some weak disper- 
sion, we do not observe features more than 7 eV below the 
Fermi level. The discrepancy between our results and those 
of Grade et al. is therefore unlikely to be a consequence of the 
differing angular resolution of the analyzers used. Charging 
effects should not be a problem for thin overlayers such as 
the ones studied here. Nevertheless, we tested for this by 
taking spectra with the monochromator slits wide open and 
with the slits nearly closed. Only changes due to altered reso- 
lution were observed. While photoemission from a thin FeI, 
layer grown in situ at low pressure was studied here, Grade et 
examined photoemission from a bulk FeI, sample 
grown in the presence of excess iodine. Perhaps the discrep- 
ancy in the valence bandwidth is a consequence of excess 
iodine retained in the bulk sample. 
The coexistence of iodide induced diffraction features and 
chemisorbed LEED spots as shown in Fig. 1 D can only be 
explained if the surface is covered by regions of both iodide 
and chemisorbed iodine. At higher exposure levels a larger 
fraction of the surface is covered by iodide and thus the io- 
dide induced diffraction features intensify with increased ex- 
posure at the expense of the chemisorbed overlayer spots. 
FeI, formation on Fe( 110) therefore occurs via an island 
growth mechanism. Epitaxial halide growth also occurs by 
an island growth mechanism for chlorine and bromine inter- 
action with V(100) and Cr(100)  surface^.^ This observa- 
tion suggests that nucleation sites are of importance in the 
initiation of halide growth. 
A chemisorbed overlayer differs from the halide in that 
the chemisorbed overlayer consists of a single layer of halo- 
gen atoms on top of a semi-infinite number of metal atom 
layers while in the halide double halogen atom layers alter- 
nate with layers of the metal. Perhaps defects on the surface 
are important in providing sites at which the halogen atoms 
"can get under" layers of the metal. If this is the case the 
observation of rapid iodide formation on the damaged 
Fe ( 1 10) surface and the lack of iodide growth on the well- 
annealed surface can be explained easily. It  is of interest to 
note that chloride growth has been observed on a polycrys- 
talline tungsten specimen of mainly ( 100) ~rientation,,~ 
while it was not observed for a W( 100) single crystal sur- 
face.,' The grain boundaries of the polycrystalline sample 
might act like nucleation sites for halide formation. 
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V. SUMMARY 
( 1 ) Both a series of chemisorbed overlayers and an epitax- 
ial layer of FeI, can be produced through low pressure inter- 
action of iodine vapor and an Fe( 110) single crystal surface 
at room temperature. 
(2) Conditions can be controlled so that the surface is 
either covered predominantly by the iodide or covered only 
with a chemisorbed overlayer. 
(3)  Iodide formation proceeds through an island growth 
mechanism with the iodide basal plane parallel to the 
Fe ( 1 10) surface. 
(4) Defects on the sample surface produced during argon 
ion sputtering may be important as nucleation sites for io- 
dide formation. 
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